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a b s t r a c t
Friction stir welding induces a microstructural evolution and residual stresses that will inﬂuence the
resulting mechanical properties. Friction stir welds produced from magnesium alloy hot rolled plates
were studied. Electron back scattered diffraction was used to determine the texture evolution, residual
stresses were analysed using X ray diffraction and tensile tests coupled with speckle interferometry were
performed. The residual stresses induced during friction stir welding present a major inﬂuence on the
ﬁnal mechanical properties.
1. Introduction
Magnesium alloys have raised interest for application in the
aircraft industry due to the need of weight reduction. There-
fore, developing a reliable joining process for these applications is
required, butweldingmagnesiumalloys still facesmany challenges
[1]. Friction stir welding (FSW) proved to be a process to produce
soundwelds frommagnesiumalloy [2–4].DuringFSW, thecomplex
thermo-mechanical input results in the microstructure modiﬁca-
tion in theweld zone and the generation of distinctmicrostructural
areas: the nugget, the thermo-mechanically affected zone (TMAZ),
the heat affected zone (HAZ) and the base metal (BM) [2]. Previous
studiesweremainly focusedon the inﬂuenceof theweldingparam-
eters on the resulting tensile properties [5–10]. Themicrostructural
evolution observed during FSW and the residual stresses involved
will inﬂuence the mechanical properties of the welds [6–12]. It is
required then to investigate the mechanisms responsible for the
mechanical behaviour evolution consecutive to FSW.
Friction stir welds of AZ31 hot rolled sheet were analysed in this
study. A local analysis using a full ﬁeld measurement technique
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was performed. It allows the investigation of the contribution of
each microstructural area in the mechanical behaviour of the weld.
The local texture evolution after FSW was analysed using electron
backscattered diffraction (EBSD).
Its inﬂuence on the weld mechanical behaviour was compared
to the inﬂuence of the other microstructural features, such as grain
morphology, precipitation state and the inﬂuence of residual stress
variations.
2. Experimental procedure
2.1. Material and processing
The base material analysed here is AZ31-O Magnesium alloy. It
was supplied by Salzgitter Magnesium Technologies as 2mm hot
rolled sheets.
Friction stir buttweldswereproducedwith a5mmdiameterpin
and 2 different shoulder diameters (10mm and 13mm). The tool
rotation rate (W) and the welding speed (V) were kept constant
(W=1000 rpm, V=200mm/min). The applied pressure (F) was in
the 6.5–6.8 kN range.
2.2. Microscopy observations
Optical microscopy was used to characterise the grain mor-
phology. Electron back scattered diffraction (EBSD) was used to
Fig. 1. Tensile specimen geometry.
determine (with a 3◦ misorientation angle threshold) texture evo-
lutions.
For optical observations, polished samples were etched with an
acetopicral solution (0.4 g picric acid, 13ml ethanol, 3ml glacier
acetic acid and 3ml boiledwater). Theywere observed using a Leitz
Aristomet optical microscope.
For EBSD analysis, a JEOL JMS 6400 scanning electron micro-
scope (SEM) was coupled with an HKL EBSD camera. The samples
were mechanically polished using SiC paper from 400 to 2500grit
and ﬁnal polishing was performed using a 0.05m alumina sus-
pension. The etchant solution used for EBSD was 10ml nitric acid,
30ml acetic acid, 40ml boiled water, 120ml ethanol for 10 s [6]. A
20kV electron beam, 10nA probe current and a 40ms integration
time were used.
2.3. X-ray diffraction
X-ray diffraction (XRD) was performed using a SEIFERT MZ6TS
diffractometer with Cr K radiation (=0.228975nm) and a
position sensitive detector (PSD). Residual stress proﬁles across as-
welded sampleswere investigated. The {202}diffractingplaneand
sin2 analysis method were used [13].
2.4. Mechanical characterisation
Conventional tensile tests were performed at 4mm/min strain
rate using an Instron 1185 machine with mechanical grips. Five
specimens were tested for repeatability. The sample geometry is
described in Fig. 1.
To capture the heterogeneity of deformation of the materials,
tensile tests were coupled with the speckle interferometry full-
ﬁeld technique [14,15]. The specimen geometry is described in
Fig. 2. Speckle interferometry technique allows the in-plane and
out-of-plane deformationmeasurement of an object surface.When
a rough surface is illuminated by a beam of coherent light (in prac-
tice, a laser beam), this surface reﬂects the light in all directions
according to the principle of Huygens–Fresnel. Speckle patterns
are then obtained due to the interference of the back-scattered
light.
A Q300 Dantec Ettemeyer speckle interferometry system was
used (1380×1040 pixels CCD sensor, 2×70 mW/785nm wave
Fig. 2. Geometry of the specimen (dimensions in mm).
Fig. 3. Tensile properties of the FSW compared to base metal.
length laser diodes, 100nm in-plane sensitivity, 30nm out-of-
plane sensitivity). A layer of diffusive paint was applied to the
sample surface to increase diffusive reﬂection. The test set up con-
sisted of a small in-house developed tensile stage.
The measurement of the phase variation between two speckle
images (i.e. steps of loading) allows the calculation of out-of-plane
displacement. To measure in-plane displacements, two beams are
used. The phase variation gives a ﬁrst component of in-plane
displacement. By using an identical setup rotated by 90◦ one
obtains the other component of in-plane displacement. The dis-
placement resolution is close to 0.1m for a spatial resolution of
about 16m. Strains were obtained from displacements using a
diffuse approximation ﬁltering (radius =20 pixels, 248m resolu-
tion) that provides excellent reconstruction/ﬁltering compromise
as described in [16,17]. The strain resolution is 2×10−5.
3. Results
3.1. Mechanical behaviour
As displayed in Fig. 3, FSW butt welds exhibited lower UTS and
yield stresses than the base metal.
Speckle interferometry was then used to study the local defor-
mation evolution during tensile testing. A ﬁrst analysis was
performedwithin theweld through thickness section to investigate
the behaviour of each microstructural area. Indeed, it is assumed
that themechanical behaviour is homogeneous along theweld lon-
gitudinal direction. The results displayed in Fig. 4 clearly show that
strain localisation takes place along the TMAZ. The material had
almost undergone no strain in the other areas.
Fig. 4. Speckle deformation map of the sample through-thickness section
(F=2.8 kN), the A symbol indicates the advancing side location.
Fig. 5. ε22 Speckle deformation map of the sample top surface for (a) 10mm
shoulder diameter sample (F=4.5 kN) and (b) 13mm shoulder diameter sample
(F=3.5 kN), the A symbol indicates the advancing side location for each sample.
Analyses were then performed on the sample top surface to get
more measurement points in the analysis window (Fig. 5). The ε22
(tensile longitudinal direction) evolution showed that the strain
localisation occurred in the TMAZ area, with higher strains on the
advancing side whatever the shoulder size. The shear band forma-
tion that was observed in the base metal was already described in
[15].
At each step of the tensile loading, a deformation map is
measured corresponding to a tensile load applied. From these
deformationmaps, it can be seen that eachpart of the sample (asso-
ciated to a microstructural zone) starts to deform plastically at a
different time and therefore at a different applied load. The load
measured at the time corresponding to the onset of plastic defor-
mation in the considered part of the sample was used to calculate
22 localisation.
For this calculation, the onset of plastic deformation was cho-
sen at ε=0.015 and the tensile stress was assumed to be uniaxial
and homogenous in the test sample thickness (direction 3). Then
22 localisation was calculated using the load/cross-section ratio. The
results are displayed in Fig. 6.
The analysis of the residual stress distribution across the FSW
showed that the highest tensile residual stresses were obtained in
the TMAZ (Fig. 6). Using a larger shoulder led to reduce residual
stresses. Indeed, increasing the shoulder size resulted in a higher
heat input and therefore a thermal expansion mismatch reduction
during cooling. Thiswas conﬁrmedby [18]when studying the inﬂu-
ence of welding speed, which is also reﬂecting the heat input, on
residual stress generation.
3.2. Microstructure
The base metal microstructure consists in ﬁne 10–15m
equiaxed grains (Fig. 7) and intragranular nanoscale precipitation
[4]. In our previous study of the FSW weld microstructure, no pre-
cipitation evolution was observed [4].
In order to study the inﬂuence of the grain size, the shoulder size
was varied to generate several nugget grain sizes. Indeed, using a
larger shoulder produces higher temperature and promotes grain
growth as can be seen on Fig. 7. The local texture evolution was
investigated using EBSD. A previous study [7] reported that the
shoulder size did not inﬂuence the texture modiﬁcation induced
by FSW in the nugget but could weaken the {0002} texture in
the TMAZ so that fracture could occur in the nugget. The shoul-
der size did not induce such large modiﬁcation in our study so that
the fracturewas still located in the TMAZ. The texture investigation
was thenperformedon the 10mmshoulder diameter sample. Fig. 8
shows the IPF (inverse pole ﬁgure) map from base metal to nugget.
In the base metal, the {0002} basal plane normal was parallel to
the samplenormaldirection. This is the typical textureofAZ31after
hot rolling process [12]. Then from the TMAZ to the nugget, pro-
gressively the {0002} basal plane normal aligned to the welding
direction.
4. Discussion
On the basis of the previous experimental results, the inﬂu-
ence of the microstructure (grain size and texture) and the residual
stresses on the resulting mechanical properties of AZ31 FSW will
be discussed.
4.1. Inﬂuence of the microstructural changes
Two shoulder sizes were used to study the inﬂuence of the
grain size on the mechanical behaviour. Indeed, using a small
shoulder diameter (i.e. 10mm diameter in this study) leads to
grain reﬁnement in the nugget whereas with a larger shoulder
diameter (i.e. 13mm diameter in this study) the resulting grain
size in the nugget is similar to the base metal one. Therefore, in
the TMAZ, a large grain size gradient is obtained for small shoulder
diameter whereas a slight grain size gradient is obtained for large
shoulder diameter. Strain localisation and then fracture occurred
in the TMAZ for both shoulder sizes. The mechanical properties
reached are similar for both welds. Therefore, the grain size
Fig. 6. Comparative evolution of the equivalent residual stress, localisation stress and equivalent material stress for (a) 10mm shoulder diameter, (b) 13mm shoulder
diameter (the shaded area represents the weld zone).
Fig. 7. Grain size evolution with shoulder diameter for 1000 rpm, 200mm/min butt FSW (a–c) 13mm shoulder diameter, (d–f) 10mm shoulder diameter.
Fig. 8. EBSD analysis across the weld (10mm shoulder diameter).
inﬂuence is not predominant on the mechanical behaviour. This
does not conﬁrm Yang et al. recent study [7] which highlighted
that increasing the shoulder size resulted in higher UTS and a
fracture location moving from TMAZ to the nugget.
The temperature gradient and the mechanical input induced by
the tool pinmotion in FSWhave a strong effect on the resulting tex-
ture. The nugget and the base metal both exhibit a strong {0002}
texture but with their basal plane aligned in orthogonal directions.
This texture variation is consistent with Woo et al. neutron diffrac-
tion experiment [12] and Yang et al. X-ray diffraction experiment
[7]. Regarding that the resulting c-axis in the base metal and in
the nugget are orthogonal to the tensile loading direction, plas-
tic deformation cannot be easily initiated in these regions. In the
TMAZ, the grain orientation is less homogeneous thus allowing the
deformations to be preferably located in the TMAZ.
4.2. Inﬂuence of the residual stress distribution
The residual stress state inﬂuence on the yield stress evolution
can be analysed using 22 localisation determined by speckle inter-
ferometry and the residual stress tensor calculated in each zone.
Indeed, the local material yield stress can be approximated by the
equivalent stress (Von Mises) resulting from the residual stress
tensor and the tensile localisation stress tensor (localisation).
The applied tensile stress is considered as uniaxial whereas
the residual stresses are multiaxial. Therefore a tensile stress
component corresponding to 22 localisation was added to the resid-
ual stress corresponding component:
22 = 22(residual) + 22 localisation
with the loading direction, i.e. the weld transverse direction,
labelled as direction 2.
The Von Mises equivalent stress was calculated from the result-
ing stress tensor, and itwas assumed to represent the localmaterial
yield stress (e material).
Its evolution across the weld was compared to the residual
equivalent stress (e residual) (Fig. 6). An extremely large increase
of e material was observed at the advancing side TMAZ. In this area,
the residual stresses represent about 80% of the e material (Fig. 6).
The same behaviour is observed in the case of samples pro-
cessed with larger shoulder diameter (Fig. 6). These phenomena
can explain the early occurrence of yielding in the TMAZ, which is
the result of the combined effect of the texture in that zone and
of the high residual stresses introduced by strain gradients during
FSW.
5. Conclusions
The study of the inﬂuence of the microstructure and residual
stresses on the mechanical behaviour in AZ31 FSW leads to several
conclusions:
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1. FSW samples presented lower yield stress and UTS than AZ31
base metal and the fracture occurred in the advancing side of
the TMAZ.
2. The early yielding occurs in the TMAZ, whereas the nugget and
base metal zones undergo almost no plastic strains.
3. The strong {0002} texture of AZ31 hot rolled base metal was
modiﬁed by the welding process. The basal plane progressively
orientedperpendicular to theweldingdirectionwhenapproach-
ing the nugget zone.
4. The texture gradient in the TMAZ localises the deformations in
this area.
5. High tensile residual stresses were obtained in the TMAZ, with
higher values in the advancing side.
6. The residual stresses represent a large component in the weld
resulting yield strength and therefore residual stresses have a
major inﬂuence in FSW mechanical behaviour.
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